Myristoylation of the human immunodeficiency virus type 1 (HIV-1) proteins Gag and Nef by Nmyristoyltransferase (NMT) is a key process in retroviral replication and virulence, yet remains incompletely characterized. Therefore, the roles of the two isozymes, NMT1 and NMT2, in myristoylating Gag and Nef were examined using biochemical and molecular approaches. Fluorescently labelled peptides corresponding to the N terminus of HIV-1 Gag or Nef were myristoylated by recombinant human NMT1 and NMT2. Kinetic analyses indicated that NMT1 and NMT2 had 30-and 130-fold lower K m values for Nef than Gag, respectively. Values for K cat indicated that, once Gag or Nef binds to the enzyme, myristoylation by NMT1 and NMT2 proceeds at comparable rates. Furthermore, the catalytic efficiencies for the processing of Gag by NMT1 and NMT2 were equivalent. In contrast, NMT2 had approximately 5-fold higher catalytic efficiency for the myristoylation of Nef than NMT1. Competition experiments confirmed that the Nef peptide acts as a competitive inhibitor for the myristoylation of Gag. Experiments using full-length recombinant Nef protein also indicated a lower K m for Nef myristoylation by NMT2 than NMT1. Small interfering RNAs were used to selectively deplete NMT1 and/or NMT2 from HEK293T cells expressing a recombinant Nef-sgGFP fusion protein. Depletion of NMT1 had minimal effect on the intracellular distribution of Nef-sgGFP, whereas depletion of NMT2 altered distribution to a diffuse, widespread pattern, mimicking that of a myristoylation-deficient mutant of Nef-sgGFP. Together, these findings indicate that Nef is preferentially myristoylated by NMT2, suggesting that selective inhibition of NMT2 may provide a novel means of blocking HIV virulence.
INTRODUCTION
AIDS is a growing problem worldwide, with UNAIDS estimating that 40 million individuals are currently infected by human immunodeficiency virus type 1 (HIV-1). No cure for AIDS exists, and new therapies are needed to combat the growing problem of HIV-1 drug resistance. Two important HIV-1 proteins, Gag and Nef, contain Nterminal myristic acid, which is added to the proteins during viral processing (Guy et al., 1987; Veronese et al., 1988) . This protein lipidation occurs via transfer of a myristate moiety from myristoyl-CoA to the N terminus of the proteins through the action of the N-myristoyltransferase isozymes (NMT1 and NMT2). This involves recognition of an 8 aa target sequence at the N terminus of HIV-1 Gag and Nef proteins by NMT activity in the host cell.
Gag is a structural protein that binds tightly to the plasma membrane upon myristoylation (Bryant & Ratner, 1990; Zhou et al., 1994) . Plasma membrane binding of Gag initiates recruitment of Gag molecules, RNA and various viral proteins, ultimately supporting the budding of newly formed viral particles (Bouamr et al., 2003; Gottlinger et al., 1989) . Importantly, it has been demonstrated that nonmyristoylated Gag mutants fail to assemble into active viral particles and are unable to bud from the cell surface (Bryant & Ratner, 1990) . Overall, there has been clear demonstration by multiple groups that disruption of Gag myristoylation effectively blocks the replication of HIV-1 and its release from infected cells.
Myristoylation of Nef also plays a critical role in HIV-1 pathogenesis. Nef is an HIV-1 accessory protein and enhances HIV-1 replication in the host cell (Shaheduzzaman et al., 2002) . It is one of the first retroviral proteins to accumulate in an infected cell and plays a role in downregulating MHC class I molecules and cell-surface CD4 receptors (Garcia & Miller, 1992) . Additionally, Nef greatly enhances viral infectivity, as wild-type viruses are six times more infectious than Nef 2 mutants (Miller et al., 1994) , and it enhances reverse transcription in infected cells (Harris, 1999) . Mutation of the N-terminal glycine residue of Nef blocks myristoylation, preventing its association with lipid rafts (Kaminchik et al., 1994) , abolishing its incorporation into HIV-1 particles (Welker et al., 1998) and preventing it from downregulating the expression of MHC I and CD4 proteins (Peng & RobertGuroff, 2001 ). As Nef is critical for high-titre virus replication in vivo, pharmacological inhibition of its myristoylation may be effective in blocking the progression of AIDS.
Human cells express two NMT isozymes, NMT1 and NMT2, with sequence similarity of approximately 77 % (Giang & Cravatt, 1998) . Although the functional redundancy of these isozymes is a continuing central question, there have been few reports of differences in substrate preference for NMT1 and NMT2. Enhanced understanding of the roles of these isozymes is important, as they are potential drug targets regulating signalling processes important in cancer and retroviral pathogenesis (Bouamr et al., 2003; Harris, 1995; Pal et al., 1990) . We have described differential roles for NMT1 and NMT2 in a cancer context (Ducker et al., 2005) ; however, their individual roles in the processing of viral proteins are incompletely characterized. Therefore, elucidation of the differences and/or overlap in NMT isozyme function is critical for the understanding of retroviral pathogenesis and the development of novel drug therapies.
METHODS
Materials. Synthetic peptides of 9 aa representing the N-terminal myristoylation sequence for HIV-1 Gag (GARASVLS) or Nef (GGKWSKLS), plus a C-terminal lysine conjugated to 7-nitro-2-1,3-benzoxadiazol-4-yl (NBD) to enable fluorescence detection were prepared by AnaSpec.
[
3 H]Myristoyl-CoA was obtained from American Radiolabelled Chemicals. Tissue culture reagents (medium, fetal bovine serum and antibiotics) were purchased from Gibco. The pQBI-nefGFP vector encoding Nef fused to SuperGlo green fluorescent protein (Nef-sgGFP) was purchased from Qbiogene. A myristoylation-deficient Nef-sgGFP mutant (with a G2A mutation) was constructed via site-directed mutagenesis using a QuikChangeII Site Directed Mutagenesis kit (Stratagene). DNA containing the GlyAAla mutation was isolated using a QIAprep Spin Mini-Prep kit and the construct was verified by DNA sequencing (Molecular Genetics Core Facility, Penn State College of Medicine, USA). The small interfering (si)RNAs NMT1-1 (59-AATGAGGAGGACAAC-AGCTAC-39) and NMT2-4 (59-AAAAGGTTGGACTAGTACTAC-39) were synthesized and purified by Ambion.
Generation of recombinant NMTs. Recombinant NMT1 was constructed as a glutathione S-transferase (GST) fusion protein using the pGEX-5X-3 bacterial expression vector as described previously (French et al., 2004) . cDNA encoding full-length NMT2 (Giang & Cravatt, 1998) was obtained from Dr Benjamin Cravatt (Scripps Research Institute, La Jolla, CA, USA) and cloned into the pGEX-5X-3 vector. Rosetta BL21(DE3) bacterial cells were transformed with the pGEX-NMT1 or pGEX-NMT2 vector according to the manufacturer's protocol. Colonies were selected and plasmid DNA was isolated followed by DNA sequence verification (Molecular Genetics Core Facility, Penn State College of Medicine, USA).
Preparation of NMT1 and NMT2 proteins was carried out as follows: bacterial stocks were grown in 25 ml Superbroth (111 mM glucose, 35 g tryptone l 21 , 20 g yeast extract l 21 , 85 mM NaCl, 100 mg ampicillin l 21 , 34 mg chloramphenicol l 21 ) for 16 h at 30 uC. The culture was added to 500 ml Superbroth and grown to an OD 600 of approximately 0.7-0.9 at 30 uC. IPTG was then added at a final concentration of 1 mM to induce the expression of recombinant NMT1 or NMT2, and cultures were incubated for an additional 3 h at 30 uC. At the end of induction, bacteria were harvested by centrifugation at 5000 g for 10 min at 4 uC and stored at 280 uC until lysis.
At the time of lysis, the cell paste was thawed on ice and added to lysis buffer (0.5 mg lysozyme ml 21 and bacterial protease inhibitor cocktail in cold PBS) at a concentration of 1 g paste per 3 ml buffer. The solution was stirred for 30 min at 4 uC and then cold PBS containing 10 mg DNase ml 21 , 10 mg RNase ml 21 and 3 mM MgCl 2 was added. The solution was stirred for 30 min at 4 uC and sonicated three times on ice (30 s, 40 % strength, 30 s between cycles). The solution was separated by centrifugation (15 000 g, 30 min, 4 uC) and the resulting supernatant removed and centrifuged for 1 h (118 000 g, 4 uC). The recombinant NMT1 or NMT2 was then purified by chromatography on glutathione-Sepharose B (Amersham Biosciences) using elution buffer containing 50 mM Tris/HCl (pH 8.0), 150 mM NaCl and 10 mM reduced glutathione. After the overnight batch elution, the sample was centrifuged and the supernatant mixed with 20 % glycerol in cold PBS. The supernatant was transferred to Amicon Ultra 4 centrifuge filter tubes (30 000 molecular mass cut-off) and centrifuged three times at 2200 g for 15 min to concentrate the protein to 1 mg ml
21
. The concentrated protein was frozen in an ethanol/dry ice bath and stored at -80 uC until use.
In vitro NMT activity assays. The activities of NMT1 and NMT2 towards the Gag and Nef peptides were assessed as follows. Each reaction contained a total volume of 100 ml NMT assay buffer [30 mM Tris/HCl (pH 7.4), 0.5 mM EGTA, 0.455 mM EDTA, 0.05 % Tween-20]. b-Mercaptoethanol was added to a final concentration of 4.5 mM immediately before the experiment. Stock solutions of synthetic peptides were prepared in HPLC-grade water and stock solutions of myristoyl-CoA were dissolved in 100 % ethanol. During the reaction, appropriate amounts of NMT assay buffer, NMT1 or NMT2 and the synthetic peptide of interest were pre-incubated for 10 min at 37 uC with shaking. Myristoyl-CoA was added at the approximate K m of 9.3 mM (Rocque et al., 1993) to begin the reaction. The reactions were terminated after 30 min with 25 ml acetonitrile containing 2 % trifluoroacetic acid (TFA). Each reaction was run in triplicate. Negative controls included the same reaction conditions without myristoyl-CoA.
The NMT assay samples were analysed using a Beckman-Coulter System Gold HPLC system interfaced with a Waters 470 Scanning Fluorescence Detector. The peptides were resolved on a reverse-phase, 18-carbon Chromolith Performance column (RP-18e, 10064.6 mm; Merck KGaA). The mobile phase consisted of a mixture of HPLCgrade acetonitrile containing 0.1 % TFA and HPLC-grade water containing 0.1 % TFA. Each run lasted 6 min beginning with an 85 % acetonitrile/0.1 % TFA mixture and progressing to a 15 % acetonitrile/0.1 % TFA mixture over the course of analysis. The NBD-labelled peptide in both its myristoylated and non-myristoylated forms was detected at its optimal excitation and emission wavelengths of 465 and 531 nm, respectively. The percentage of myristoylated peptide was calculated by dividing the peak area corresponding to the myristoylated peptide by total peak area and converting to mmoles of peptide myristoylated. The raw data were analysed using GraphPad Prism 3.0 and InStat 3.01.
The activities of NMT1 and NMT2 towards full-length Nef were assessed as follows. Each reaction took place in a total volume of 40 ml containing Nef, recombinant NMT1 or NMT2, [
3 H]myristoyl CoA, myristoyl-CoA and NMT assay buffer. b-Mercaptoethanol was added to the NMT assay buffer to a final concentration of 4.5 mM just prior to the experiment. Recombinant SF2-Nef (a kind gift from Dr Matthew Bentham, University of Leeds, UK) and NMT1 or NMT2 were pre-incubated for 10 min at 37 uC with shaking, and the reaction was initiated by the addition of myristoyl-CoA (50.5 mM, 1 mCi). Each reaction was run in duplicate. Negative controls consisted of samples under the same reaction conditions but without enzyme. The reactions were terminated after 25 min with 10 ml SDS loading buffer containing b-mercaptoethanol and samples were resolved by 10 % SDS-PAGE and electrotransferred overnight onto a PVDF membrane. Equivalent-sized sections were cut from each lane on the membrane corresponding to the molecular mass of the Nef protein, as determined by immunoblotting with an anti-Nef antibody (a gift from Dr Matthew Bentham). The samples were dissolved in Universol ES biodegradable liquid scintillation cocktail and 3 H incorporation was determined by scintillation counting. Counts were adjusted for background and data were analysed using GraphPad Prism 3.0.
NMT depletion by siRNAs. We have previously described the generation and validation of the siRNAs NMT1-1 and NMT2-4, which deplete human NMT1 and NMT2, respectively (Ducker et al., 2005) . Fluorescently labelled scrambled BLOCK-iT siRNA (Invitrogen) or control (non-silencing) rhodamine-labelled siRNA (Qiagen) was used at a concentration of 50 nM as a negative control and to measure siRNA transfection efficiency, respectively. Human embryonic kidney 293T (HEK293T) cells were maintained in Dulbecco's modified Eagle's medium containing 10 % fetal bovine serum and 50 U penicillin/streptomycin ml 21 in an atmosphere of 5 % CO 2 at 37 uC. The cells were plated in poly-D-lysine-coated, 3.5 cm diameter, glass-bottomed dishes (MatTek) to obtain approximately 30-40 % confluence within 24 h. On day 0, these cells were transfected with siRNA using Lipofectamine 2000 and antibiotic-free medium according to the manufacturer's protocol. Transfection groups comprised: 50 nM NMT1 siRNA, 50 nM NMT2 siRNA, 50 nM NMT1 plus 50 nM NMT2 siRNA, and 50 nM negativecontrol siRNA. These cells grew to approximately 90 % confluence by day 2, at which time they were transfected with 1 mg Nef-sgGFP vector (see below).
Protein was isolated from HEK293T cells treated with siRNA at 24 or 48 h after Nef-sgGFP transfection (at the time of confocal visualization). Harvested cells were resuspended in hypotonic cell lysis buffer [50 mM Tris/HCl (pH 8.0), 140 mM NaCl, 1.5 mM MgCl 2 , 0.5% Igepal CA-630 and 5 mM EDTA]. Protein concentrations were determined using a fluorescamine assay (Bohlen et al., 1973) and samples were normalized for total protein content (50 mg per lane). Samples were separated by 10 % SDS-PAGE and electrotransferred overnight. Membranes were incubated in PBS-T (100 mM sodium phosphate, 100 mM NaCl, 0.1 % Tween 20, pH 7.6) with 3 % powdered milk (w/v) for 1 h at room temperature. Blots were incubated overnight at 4 uC with either NMT1 or NMT2 antibody (1 : 250 dilution; BD Transduction Laboratories). Following overnight incubation, blots were washed three times at room temperature in PBS-T and allowed to incubate for 1 h at room temperature with horseradish peroxidaseconjugated anti-mouse antibodies (1 : 40 000 dilution; Amersham Biosciences) diluted in PBS-T containing 3 % powdered milk. Blots were washed three times at room temperature with PBS-T for 5 min and developed with an ECL Western Blot Detection System (Amersham Biosciences) according to the manufacturer's directions. Blots were imaged onto Hyperfilm MP (Amersham Biosciences) and appropriate bands were quantified using Quantity One software. b-Actin levels were determined as a loading control.
Nef localization studies. HEK293T cells were plated in poly-Dlysine-coated, 3.5 cm diameter, glass-bottomed dishes and transfected with NMT siRNA as described above. Transfection groups comprised: 50 nM NMT1 siRNA, 50 nM NMT2 siRNA, 50 nM NMT1 plus 50 nM NMT2 siRNA, and 50 nM negative-control siRNA. These cells grew to approximately 90 % confluence by day 2, at which time they were transfected with 1 mg Nef-sgGFP or the myristoylation-deficient Nef-sgGFP mutant using Lipofectamine 2000 at a concentration of 4 mg ml 21 , with the medium being left on overnight. Cells were then visualized using confocal microscopy (Leica TCS SP2 AOBS system). Nuclei were visualized by washing cells once with antibiotic-free medium, incubating with Hoechst 33342 at a final concentration of 2 mg ml 21 for 10 min at 37 uC and washing again with medium. The plasma membrane was visualized using Alexa Fluor 594-labelled wheat germ agglutinin (Invitrogen) at a final concentration of 2 mg ml 21 according to the manufacturer's directions.
RESULTS
Kinetic parameters for Gag-and Nef-peptide myristoylation by NMT1 and NMT2
We and others have demonstrated that peptides of appropriate sequence can be myristoylated by recombinant human NMTs (French et al., 2004; Giang & Cravatt, 1998 (French et al., 2004) . Here, we modified an assay that we developed to measure the activity of palmitoyl acyltransferases (Varner et al., 2002 (Varner et al., , 2003 for use in measuring NMT activity towards synthetic peptides. Each peptide was characterized for its ability to serve as a substrate for NMT1 and NMT2, using an HPLC-based separation technique. In this method, non-myristoylated Gag eluted at 2.9 min and myristoylated Gag at 4.0 min, providing sufficient resolution for quantification of the amounts of parental and myristoylated peptide. The native and processed Nef peptides exhibited similar resolution, with the non-myristoylated peak eluting at 2.7 min and the myristoylated peak eluting at 4.1 min.
Initial studies determined the time course and enzyme concentration dependence of the myristoylation reactions so that the kinetic studies could be conducted under initial velocity conditions (data not shown). The concentrations of the Gag and Nef peptides were systematically varied to allow the calculation of critical kinetic parameters, including K m , K cat and catalytic efficiency, for the processing of each peptide by NMT1 and NMT2. The Michaelis-Menten constant, K m , was calculated for each peptide substrate using a least-squares regression model. Myristoylation of Gag by either NMT1 or NMT2 occurred with a fairly high K m compared with K m values for the Nef peptide, such that NMT1 and NMT2 had 30-and 130-fold higher K m values for Gag, respectively (Table 1) . Whilst the K m values for Gag did not differ significantly between the two NMT isozymes, the K m of NMT2 for Nef was significantly lower than the K m for NMT1 (P50.0001).
The catalytic constant, K cat , was determined as a measure of the amount of substrate converted per unit enzyme (K cat 5V max * [E]) ( Table 1 ). The amount of enzyme present in each reaction was measured by quantification of the band intensity of the purified GST-NMT fusion proteins via Coomassie staining (data not shown). The myristoylation of the Nef peptide by NMT1 occurred with a lower K cat than the corresponding K cat for the Gag peptide (Table 1 ). In contrast, the K cat values for the Gag and Nef substrates were not significantly different for processing by NMT2. Interestingly, the K cat values for either Gag or Nef did not differ significantly between the NMT isozymes. This indicated that, once the peptide is bound, myristoylation by NMT1 or NMT2 proceeds at comparable rates.
A comparison was also made of the catalytic efficiencies of NMT1 and NMT2 for the myristoylation of the Gag and Nef peptides. The catalytic efficiency measures the amount of substrate converted per unit time (K cat /K m ), and is considered to be the best indicator of the biological activity of the enzyme. NMT1 and NMT2 were 5-and 24-fold more efficient at myristoylating the Nef peptide compared with the Gag peptide (P50.027 and 0.003), respectively (Table 1) . Interestingly, NMT1 and NMT2 were equivalently efficient at myristoylating the Gag peptide, whilst NMT2 was approximately 5-fold more efficient at myristoylating the Nef peptide than NMT1 (P50.008).
Kinetic experiments were carried out using SF2-Nef to determine whether the observed NMT isozyme selectivity extended to full-length Nef protein. In these experiments, purified SF2-Nef was incubated with [ 3 H]myristoyl-CoA and NMT1 or NMT2, followed by purification of the Nef protein by SDS-PAGE, localization by immunoblotting and quantification of myristoylation by scintillation counting. The Nef protein concentration was varied from 0.1 to 5 mM (the maximum amount that could be added to the assays). As with the Nef peptide, both NMT1 and NMT2 myristoylated the SF2-Nef protein; however, the K m for NMT1 was approximately 2-to 5-fold that for NMT2. Overall, the kinetic studies indicated that Nef is a higheraffinity substrate than Gag for both NMT1 and NMT2, and that NMT2 is considerably more efficient at processing Nef than NMT1.
Competition between Gag and Nef peptide myristoylation
As Nef was found to be a preferred substrate for both NMT1 and NMT2, we determined its ability to act as a competitor for Gag peptide myristoylation in an in vitro system. Myristoylation assays were performed as indicated above with the addition of 16 mM Nef peptide (1.5 and 10.7 times the K m for NMT1 and NMT2, respectively) and adjustment of the HPLC gradient to allow resolution of Gag peptide and Nef peptide fluorescence. Myristoylation of the Gag peptide by either NMT1 or NMT2 was strongly suppressed by the presence of the Nef peptide (Fig. 1) . In these assays, both peptides were simultaneously myristoylated, indicating that they may act as alternative substrates for the NMT isozymes. Lineweaver-Burk analyses indicated that the Nef peptide acted as a competitive inhibitor of Gag peptide myristoylation for NMT1 and NMT2 (Fig. 2) . The Nef peptide demonstrated inhibition constant (K i ) values of 86 and 2 mM for NMT1 and NMT2, respectively. These data confirmed that Nef behaves as an alternative substrate for NMT1 and NMT2, and is preferentially myristoylated if present in the same system as Gag.
The nature of the inhibition of Gag peptide myristoylation by NMT1 and NMT2 was examined further. Additional peptides containing 4 aa (GGKW), 6 aa (GGKWSK) or 8 aa (GGKWSKLS) corresponding to the N terminus of HIV-1 Nef, with or without myristate attached to the Nterminal glycine residue, were synthesized. These peptides were designated N4, N6 and N8, with the corresponding N-myristoylated peptides designated myr-N4, myr-N6 and myr-N8, respectively. Myristoylation assays with NMT2 were completed as described above, using varying concentrations of Gag and N4, N6, N8, myr-N4, myr-N6 or myr-N8 peptide at a concentration of 16 mM. Results indicated that N8 and myr-N8 both decreased Gag myristoylation by 90-95 % (data not shown). Furthermore, both the myristoylated and non-myristoylated forms of N6 also decreased Gag myristoylation, although to a lesser extent than N8. This further demonstrated that the Nef myristoylation sequence exhibits a stronger affinity for the NMT2 isozyme than the Gag myristoylation sequence in vitro.
Differential effects of depletion of NMT1 and NMT2 on Nef-sgGFP localization in intact cells
We have previously described siRNAs that are effective in selectively depleting NMT1 or NMT2 from intact cells (Ducker et al., 2005) . These reagents were used to examine the roles of endogenous human NMT isozymes in myristoylation of Nef-sgGFP, whose distribution was monitored by confocal microscopy. As demonstrated in Fig. 3 , treatment of the cells with the NMT siRNAs decreased NMT protein levels, typically by 60-80 % in six experiments.
Confocal microscopy experiments demonstrated that cells that were untreated with siRNA exhibited mainly perinuclear and cytosolic fluorescence with a distinct punctate staining pattern (Fig. 4a) , suggesting that NefsgGFP localizes mainly to the Golgi apparatus in HEK293T cells. Cells treated with a negative-control siRNA exhibited localization of Nef-sgGFP similar to untreated cells (Fig. 4c) . In contrast, the non-myristoylated Nef-sgGFP mutant exhibited diffuse localization throughout the cell, including nuclear fluorescence and without distinct perinuclear localization or a punctuate expression pattern (Fig. 4b ). Cells treated with NMT1 siRNA (Fig. 4d ) exhibited a similar pattern to untreated cells, with NefsgGFP localizing mainly to the perinuclear and cytosolic regions, excluding the nucleus. However, cells treated with NMT2 siRNA exhibited non-punctate expression of NefsgGFP, with diffuse localization throughout the cell, including the nucleus (Fig. 4e) . Additionally, cells treated with both NMT1 and NMT2 siRNA exhibited localization of Nef-sgGFP similar to that of treated NMT2 cells (Fig. 4f) . Therefore, depletion of NMT2 from these cells caused marked alterations in the subcellular localization of the Nef fusion protein, producing a pattern similar to that of the non-myristoylated Nef protein. In contrast, depletion of NMT1 did not cause such a redistribution. These studies were consistent with the kinetic analyses in indicating that NMT2 preferentially myristoylates Nef in the intact cell.
DISCUSSION
The importance of protein myristoylation in retroviral virulence, budding and assembly has been demonstrated extensively (Bouamr et al., 2003; Harris & Neil, 1994; Hill & Skowronski, 2005; Jacobs et al., 1989; Pal et al., 1990; Yu & Felsted, 1992) . On this basis, NMT has previously been considered as a target for anti-HIV-1 drugs. Several studies have examined the effects of myristic acid analogues on protein myristoylation and function . These analogues act as alternative substrates for NMT and are transferred to substrate proteins, resulting in a less hydrophobic modification of the protein, disrupting its targeting to lipid rafts in the plasma membrane. Studies of the effects of myristate analogues on the replication of HIV-1 have consistently validated NMT as a target for the development of anti-AIDS drugs (Bryant et al., 1989 (Bryant et al., , 1991 Devadas et al., 1992; Lindwasser & Resh, 2002) . Importantly, studies by Bryant et al. (1991) demonstrated synergistic inhibition of HIV-1 replication using combinations of a myristate analogue and the reverse transcriptase inhibitor azidothymidine (AZT). Additionally, the inhibitory effects of the myristate analogues were more prolonged than the effects of AZT.
There are few studies of the effects of NMT inhibitors (distinguished from alternative substrates) on HIV-1 replication. In one case, N-myristoyl glycinal diethylacetal was shown to inhibit Gag myristoylation in MT-2 and CEM/LAV cells, and to inhibit HIV-1 replication substantially in MT-4 cells (Tashiro et al., 1989) . Similarly, several serinal-based NMT inhibitors have been shown to suppress HIV-1 replication in infected CEM cells (Takamune et al., 1999) .
Complementary to studies with pharmacological inhibitors of NMT, work from the Shoji laboratory has demonstrated that infection of CEM cells with HIV-1 results in a progressive decrease in the expression of NMT by these cells (Takamune et al., 2001) . This is associated with markedly increased cytotoxicity of the serinal NMT inhibitors towards HIV-1-infected CEM cells compared with uninfected CEM cells (Takamune et al., 2002) . This indicates that NMT inhibitors can act as selective cytotoxins for HIV-1-infected lymphocytes and may be Differential processing of Nef by NMT isozymes effective in destroying HIV-1 reservoirs in latently infected cells.
A major limitation in previous studies has been the lack of consideration of the potential differential roles of NMT1 and NMT2 in the processing of HIV-1 proteins. Although it is known that two NMT isozymes exist in humans, there have been few demonstrations of differences or redundancies in enzymic function between NMT1 and NMT2 (Ducker et al., 2005) . Additionally, recent studies have indicated that NMT1-knockout mice experience embryonic lethality, whereas knockout of NMT2 appears to have little effect on early embryonic development (Yang et al., 2005) , supporting the hypothesis that these isozymes play unique roles in cell biology.
Our studies utilized complementary biochemical and molecular approaches to demonstrate that the two NMT isozymes exhibit differences with regard to Gag and Nef myristoylation. The in vitro kinetic data clearly indicated marked differences between Gag and Nef myristoylation by both isozymes, with Nef being a higher-affinity substrate than Gag for both isozymes. In addition, the values for K m and catalytic efficiency showed significant differences for Nef myristoylation between the isozymes, with NMT2 exhibiting a stronger preference for both full-length Nef and its representative N-terminal octapeptide than NMT1. As Nef has lower K m values than Gag, it follows that Nef peptides would be myristoylated preferentially by either isozyme. Our data indicate that Nef decreases Gag myristoylation by both NMT1 and NMT2 in vitro, with K i for NMT2 being substantially lower than that for NMT1. Additionally, peptides corresponding to the N-terminal first 6 or 8 aa in the Nef sequence decreased Gag myristoylation by NMT2. The exact nature of inhibition in vivo remains unclear due to potential spatial and temporal restrictions, and thus merits further study. However, these results support the kinetic data that the Nef myristoylation sequence is a preferred substrate for NMT2 compared with NMT1, and that the relative affinity of these enzymes for HIV-1 Nef is greater than HIV-1 Gag. Subcellular localization studies using a GFP-tagged Nef protein have confirmed the isozyme selectivity in an intact cell system. In this assay, wild-type Nef-sgGFP exhibited perinuclear localization with a punctate staining pattern, consistent with targeting to the Golgi apparatus as has been observed previously (Greenberg et al., 1997) . In contrast, a non-myristoylated Nef-sgGFP mutant was diffusely localized including nuclear localization, consistent with a recent report in which a G2A Nef mutant was shown to exhibit diffuse subcellular localization via indirect immunofluorescence (Fackler et al., 2006) . Knockdown of NMT2 with siRNA also caused the Nef-sgGFP reporter to exhibit diffuse, non-punctate cytosolic and nuclear localization similar to that of the G2A mutant. Knockdown of NMT1, however, did not have a dramatic effect on the perinuclear localization of Nef-sgGFP or the punctate expression pattern. Overall, this molecular approach supports the biochemical findings indicating that NMT1 and NMT2 play differential roles in the myristoylation and subsequent biological activity of Nef.
It has been suggested that myristoylation may not be essential for membrane localization of Nef (Bentham et al., 2006) . However, the same report also stated that a complex interplay of signals at the N terminus of Nef directs its subcellular localization, making it highly likely that myristoylation is in fact critical for proper Nef function, such as interaction with downstream effectors at the membrane. In fact, recent studies have confirmed the importance of myristoylation for both membrane localization and functionality of Nef (Fackler et al., 2006) , particularly when expressed in the context of the lentiviral genome. The fact that Nef interacts with a large number of effector proteins may underlie the seeming differences in conclusion from the present studies and a report from Hill & Skowronski (2005) suggesting that NMT1 binds to Nef more tightly than NMT2. In those studies, Nef and either NMT1 or NMT2 were ectopically expressed in Cos7 or Jurkat T cells, the tagged Nef protein was immunoprecipitated and co-precipitated NMT isozymes were quantified by immunoblotting. The authors indicated that the spectrum of Nef-binding proteins was altered somewhat by the selection of the tag (Hill & Skowronski, 2005) and may be further complicated by the differential expression levels of exogenous NMT1 and NMT2 in these experiments. Nevertheless, this report primarily focused on the binding of NMT1 and NMT2 to Nef, which is consistent with our data demonstrating that both isozymes can myristoylate the Nef protein. The present studies, however, focus on the catalytic processing of HIV-1 Gag and Nef, where we believe the kinetic studies as well as the RNA interference experiments clearly indicate that NMT2 is the predominant isozyme involved in processing Nef at levels that may be expressed in HIV-1-infected cells.
The studies described herein suggest that blocking Nef myristoylation by NMT2 may be an additional approach for the development of new anti-AIDS drugs. Nef plays a critical role in the early stages of viral replication and enhances viral infectivity (Harris, 1999; Miller et al., 1994) , as well as retroviral evasion of the immune system through downregulation of CD4 receptors and MHC I molecules (Garcia & Miller, 1992; Greenway et al., 2003; Harris, 1999) . As N-terminal myristoylation of Nef plays a critical role in creating infectious HIV-1 virions, blocking Nef myristoylation may prevent the release of newly synthesized infectious viral particles. Nef is a key early gene in HIV-1 replication, and blockade of an essential step in its cellular signalling pathway will disrupt downstream synthesis of late-stage viral proteins, greatly affecting viral replication. A recent study indicated that disruption of interactions of Nef with host-cell proteins might be one means of inhibiting HIV-1 infectivity (Olszewski et al., 2004) . Our findings expand this idea by suggesting that targeting Nef myristoylation by NMT2 may be a novel strategy in preventing the spread of infectious virions from host cells.
Nef is an attractive target for therapeutic intervention as it is produced in much lower quantities than other retroviral proteins. Although Gag has a lower affinity than Nef for the NMT isozymes, the cell compensates by producing a large quantity of Gag (approx. 2000 copies per virion) compared with Nef (approx. 1 % of Gag levels) (Coffin, 2002) . Furthermore, plasma membrane binding of non-myristoylated Gag particles can be rescued by oligomerization with myristoylated Gag proteins (Bouamr et al., 2003) . Thus, whilst Gag is a continuing antiretroviral target, it is likely to be difficult to completely eliminate Gag myristoylation and processing into virions using pharmacological agents. Targeting the NMT2-specific myristoylation of Nef may be more feasible, as Nef is produced in lower quantities than Gag and is produced earlier in the viral replication cycle.
One of the greatest challenges facing antiviral therapies is the process of acquired drug resistance, in which viral enzymes rapidly mutate to evade virus-targeting drugs. It is important to recognize that myristoylation of HIV-1 Gag and Nef proteins is accomplished by the host, i.e. human NMT, as the virus does not encode an enzyme with this activity. Therefore, attempts to manipulate HIV-1 replication pharmacologically must focus on the development of human NMT inhibitors. We believe that targeting the human NMT2 enzyme will provide a more reliable target and circumvent this problem of virus drug resistance. Pharmacological inhibition of NMT2 will probably not impair normal function in host cells, as NMT2 knockout mice are phenotypically unchanged. Therefore, development of selective NMT2 inhibitors represents a novel approach for the identification of new anti-AIDS agents.
